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NOMENCLATURE

A projectile reference area, m d*/4

a speed of sound

CcG SPIN73 label - center of gravity. calibers from nose
C, rolling momert coefficient, 2/1/2pV?Ad

CLP SPIN73 label - see Equation 6

C, pitchin_ moment coefficient, m/ (1/2pV*Ad)

CMA SPIN73 label - see Equation 3

CcMQ SPIN73 label - see Equation 3

CN normal force coefficient, N/ (i/2pV2A)

Cn yawing moment coefficient, n/ (1/2pVZAd)

C'n Magnus contribution to Cn

CNA SPIN73 label - see Equation 2

CNPA SPIN73 labe! - see Equation 5

CNPA3 SPIN73 label - see Equation 5

CNPAS SPIN73 labei - see Equation 5

CNPAT5] SPIN73 label ~ Magnus moment secant slope per radian

at 5° total angle of attack

CPF[1] SPIN73 label - center of pressure of Magnus force,
calibers from nose at 1° total angle of attack

CPF o] SPiN73 iabei - center of pressure of Magnus force,
calibers from nose at 5° angle of attack

CPN SPIN73 label - center of pressure of normal force,
calibers from nose

CX SPIN73 label - zero total angle of attack axial force
coefficient, see Equation 1

C, axial force coefficient, X/ (1/20V3A)

X2 SPIN73 label - see Equation 1

CYPA SPIN73 label - see Equation 4

cy Side force coefficient, Y/ (1/2pV?A)

Cc’ Magnus contribution to C

<
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projectile reference diameter

axial moment of inertia of prnjentite about #xis of

symn.etry

transverse moment of tnertia of projectile anout ¢.g.

SPIN73 abe’ - IA ,

SPIN73 labei - IT

projectile over-all lenath

roliing moment :

pitching moment about c.g

Mach number, V/a

normal farce

yawing moment about <.g.

spin rate

ron-dimensionzi spin rate, pd/2V

pitch rate 3

non-dimensional pitch rate, qd/2Vv

yaw rate

non-dimensional yaw rate rd/2V, or range
flight velocity

projectile weight

axial force

axial distance from projectile nose to center of gravity,
calibers

side force
total angle of attack

air density
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A-2v

A-21

M110 self-p-opelled huwilzer, 8-irch,
firing XM711

M110 self nropelled how 'tver. 2-inch,
firing XM65vuE4

M110 self-prepelled howitzer, 8-inch,
firing >IM753

M110£2 self-propelizd howitzer, &-inci.
firing XM71,

MITOE2 self-propelied nowitzer, 8-inch,
tirina XMe! €4

M110E 2 seli-propelled ho vitzer, 8-inch,
firing AM753
SPIN?3 recticted Azrodynarnic Ceefficients
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-1 4.2 .nch M329A1
C-2 U4.2-inch M™29A1
E-3  4.2-ircn M328A1
8- 4.2-iach M328M
3-5  d4.2-inch M3335.0
E-€ 4.2-wuch M335A1
b7  4.2-inch M320A0
5-8  105mm M (FE)

105mnr. M60 (WP;

1252m M60 (qeés

1A5mm Me4, B,

without extension
witlt exlension
without extensicn
with uxtension
withe:at excension
w.l, extension

M325ACT)

or smoke)

BE {smok2)

146
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149
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173

174
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178

1798

180

181




B-23

B-24

n-25

B-27

B-28

B-29

B-30

B-31
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105mm

105mm

T05mm

105mm

105mm

105mm

155mm;

155mm

185mm

155min

155mm

155r'm

155mm

155mm

155mm

155mm

155mm

155mm

155mm

155mm
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M314ATET (illum)

Muldy (ICM)

XM710 (ICM)

MS5U48E1 (RA off)

M548E1 (RA on, launch)
M548E1 (RA after burn-out)
M107 (HE)

M110 (WP)

M1i0 (Gas)

M116 (wht smoke)

M116 (clrd smoke)

121, M121A1 (chemical)
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MUuyge2 (ICM)
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15-33  155mm

B-2% 155mm

B-35 155mm

B-36 175mm

B-37 8- Inch

E-38 8-Inch

B-3¢ g2-Inch

B-45 8-Inch

B-46 8-inch

B-47 8-Inch

B-48 8-Inch

XM718/XM741 (AV)
XiA692/XM731 (AP)

XM687 (blk can)

M437A1, MU37A2 (He)

M106 (HE)

M426 (chemical}

M422 (atomic)

M424 (atomic spt)

Muoy (ICM)

MSOSTT (ICM)

XMG650E4 (RA, launch)
XM650EL (RA, after burn-out)
XM711 (HE)

XM753 (atoric RA, launch)
XM753 (atomic RA, after burn-out)

XM736 (blk con)

Cannon-Launched Guided Projectile Aerodynamic Data

XM712 AD configuration
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INTRODUCTION

This study was undertaken to provide an aeroballistic data base for
Project HOWLS (Hostile Weapons Location System), an ARPA initiated task
administered by the Linccln Laboratory of the Massachusetts Institute of
Technologv. The term aeroballistic here is used in a very broad sense as
the study was initially intended to cover both US and USSR projectile
characteristics: dimensions and inertial properties, trajectories, zoning,
dispersion, and aerodynamic coefficients; control aeroballistics: experi-
mental and analytical statusof spinning projectiles with aerodynami« con-
trol surfaces (especially canards); present and projected fuze d-esians;
qun launch environments and hardenina capabilities (especially sensors);
and terminal ballistics and effects: lethality, vulnerability, and sensi-
tivity coefficients.

The tasks discussed above were to have been completed by the end
of January 1976 (nine months from the starting date of 1 May) . Changes
in FY 1976 funding for the entire HOWLS program resulted in Lincoln
Laboratory requesting in September that work be halted at that point and
thai whdaiever had been accompiished up to that point be reported.

In order to make this repo: more widely useable, it has been divided
into a main report and an addendunm:. The main report contains no classified
information. All of the classified information is in th~ addendum; this in-
cludes some range information on US rounds currently being developed
and all of the information on Soviet munitions.

The reprogramming of funds by the HOWL3 Projzc. sponsor resulted in
funding being directed to other tasks than this one. The effect of this is dis-
cussed where appropriate in this report. A useful data bass has been created
which can be extended to its tull capability at a later time.

DISCUSSION
Aeroballistic Characteristics

Weapons and Projectiles

The main published sources of information on US Army weapons in
use at the present time and the plans for the future are References 1 and
2. These references should certainly be obtained as part of the overall
program.
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The indirect fire weapons currently considered to be active (some
reserve units and US allies may still be using others) are:

1. 4.2 inch: M30 Mortar

2. 105mm: MI101A1 Towed Howitzer, M102 Towed Howitzer
(air mobile);: M108 Self-Propelled Howitzer (cnly in some active National
Guard and US Army Reserve units)

3. 155mm: M109 Self-Propelled Howitzer (conversion toc M109A1
expected to be completed by FY 1976, one-half had been convertiad as of
October 1974), M109A1 Self-Propelled Howitzer, M114A1 Towed Howitzer;

4. 175mm: M107 Seif-Propelled Gun (wiil be phased out when
M110E2 is available)

5. 8-inch: M110 Self-Propelled Howitzer.
The future mix of weapons is expected to be:

1. 4.2 inch: M30 Mortar

2. 105mm: XM204 Tov-ed Howitzer

3. 155mm: XM198 Towed Howitzer, M109A1 Self-Propelled
Howitzer

4. 8-inch: M110E2 Self-Propelled Howitzer

The various types of indirect fire projectiles currently being uced
in and supplied to the field for these different weapons systems were
determined from a variety of sources. Among these sources were:
Department of the Army publications (Ref 3-17), Ammunition Devzlopment
and Engineering Diractorate (ADED) at Picatinny Arsenal, Ballistic
Research Laboratories, Edgewood Arsenal, and the US Army Field Artillery
School. The results are shown in Table 1.
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Table 1

Currently active fielded projectiles (US)a

Bore size Projectile designation Type
M329A1 High Explosive (HE)
4.2 inch M329A1E1 HE
(Moitar) M3284.1 White Phosphorus (WP)
M335A1 IMuminator (11lum)
M1 HE
Me60 Gas
MGO Smoke
105mm Me0 wp
M3714A2E1 1Hum
Mugy Improved Conventional Munition
(ICM}
Ms548 HE, Rocket Assisted (RA)
M107 HE
M110 Gas
% M110 WF
M121A1 Chemical
155mm MUy8sE1, E2 1Hum
Mu49, E1, E2 ICM
M549 HE, RA
Mysy Atomic
Mug3A1 ICM
175mm Mu37A9, A2 HE
M106 HE
My2s Chemical
8-Inch Muny ICM
Mu22 Atomic
M424 HES

The corresponding avaiiable data for Soviet weapons and projectiles is
in Tahle 1A of the Addendum.

S projectiles not vet released or still under development are listed
in Tzble 2.
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Bore size

105mm

155mm

8-Inch

IR

&4

Table 2

Projectiles in development (US)

Projectile designation

XM710

XM708E2, E3
XM718/7m1
XM692/731
XMe687
AM712

XM6E50EY
XM711
XM509
XM736
XM753

Type
ICM

HE

AT (antitank)

AP (antipersonnel)
Bulk Cannister

Cannon Launched Guided Projectile
(CLGP)

HE. RA

HE

ICM

Bulk Cannister
Atomic, RA

e BEEARNES R
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Projectile Dimensions and 'neitiai Preserties

This section preserts thie best daw: ¢currently availabie. They
represent contributions from many sect-ans of Ficatinny Arsenal, Ballistic
Research Laboratories, Yuma Froving Groeunl, ana Fdygawood Arsenal.

It must be realized that both production and davelepinental projoctites
change in these characteristics. Many of the tielaed ana stock-piled pro-
jectiles were ueveloped at a tima when ciose attenticn o shipe and inertial
properties was not considered necessary ana tnerafore the measvrements
available are both tow in number and old (Ref 18 and 19} . i"roduction
lots also vary in hese characteristics due both w0 "min " changes rmade
over the years and changes in the method of rignuifacture and of manutacturer.
The developmental projectiles are exactly that and, hence, ate subject to
changes in properties during the development cycle. At of this is in
addition, in bouth the above cases, to the normal deviations te be expectied
fromi round to round. A' values given are th2 nominal values

With these caveats in mind, the piojectile dimensions and nertiai
properties are given in Table 3 to 7. The propearties listed are 2is0 definad
in Figure 1. The tabulated dimensions are ail given in calibers (center of
gravity is from the nose, where nose means the tip of the fuze and an
exterior length of 3.75 inches was used for the fuze) excent for the shell
diameter (DIA) which is given in inches. Weight is tabulated in pounds
and the moments of inertia are in pounds-inches squared. A faw chell
which are being or have been deleted from the inventory and, therefore,
do not appear in Table 1 are included in these tables to provide a mor e

complete data bank.

The data for Soviet projectiles are presented in Table 2A which is in
the classified Addendum to this report.

One often hears the nomenclature in this area used loosely and inter~
changeably. To be exact, a "Charge" is a standardized amount of a par-
ticular propellant which produces a desired muzzle velocity for the pro-
jectile and weapon under consideration. A "Zone" is the distarce on the
grourid between the range at maximum range quadrant elevation and the
range at maximum quadrant elevation for a given charge, projzctile, and

weapon.
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Table 6

Dimensions and inertial propertiestof 175mm
projectiles, M437A1, MU37A2

LOA, cal
ﬂ\
OGL
BTL
XCG {nose)
DMP
DRB
OGR

BML

DBA

W
DBM, cal

DIA, inrhes
(meters)

1A, lb—in2
(kg-m")

IT, lb'ihz
(kg-m")

WGT, 1lb
(N)

*See Fig 1 for definitions.

10

5.48

2.93

1.00

0.080

1.032

25.0

0.713

0.00

6.885

(0.1749)

954.
(0.279)

11800.
(3.45)

147.8
(657.4)
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Table 8

Zoning solutions - muzzle velocity (m/s),

4,.2-inch mortar, FA39

CHARGE EXTENSION M328A1 | M335a1 | M329Al | M329A2
(INCREMENTS) (M329A1EL)
5 No 109 110 108 NA
10 145 145 144 4
15 181 131 180
20 v 217 217 216
25 4/8 No 255 253 256
25 4/8 Yes 229 230 227
30 250 251 248
35 273 274 271 J/
41 Yes 298 297 299 NA
Q NA NA RA NA 9¢.9
A 1 ﬂ\ ﬂ‘ 340.6
10 178.5
15 211..G
20 241.3
25 2568.5
30 ¢ NE \L J 294.4
34 NA NA NA NA 314.9
B

L3
M329A2 uses a different set than the others. Not all
increments are showvn for both sets.
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Table 11
-t

Zoning solution, muzzle velocities, 175mm system
(self-propelled gun, M107, projectile M437A1, A2)

CHARGE MUZZLE VELOCITY
{(m/s)
1G 510.5
(xM124) !
W 510.5 }
(M86A1, A2} :
2w 704.1
(MB6A1, A2} o
W 914.4
(MB6Al, A2)
i
|
|
i
¢.r i
!
|
i
{
1
-y
-
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A Chacye is usualiy also identified by a one or two character alpha-
numeric code fur case of referencing (firing tables, etc.). Quite often there
is more than one type of propellant (the difference can be in either compo-
sition or shape or both) used in the same weapon system. These types
have an official designation also. For example, the 155mm M109A1 Howitzer
currently uses three such propellant types designated as: M3A1, M4Ay,
and M119. There are five different amounts of the M3A1 propellant used
and identified as Charges 1G through 5C; five different amounts of the
MUA2 propellant identified as Charges 3W to 7W; and the M119 propellant
has one charge, Charge 8.

A zoning solution for a weapon system has as its main goal the
assurance of a range over-lap between the zones of adjacent charges or,
at the very least, the avoidance of a gap. Quite often practical aeroballistics
will also affect these solutions since all shell have some Mach number and
quadrant elevation regions where they exhibit lower performance than
over most other regions. A judicious selection of launch velocities can
often help alleviate the effect of such flight regimes and therefore decrease
dispersion and increase effective range.

It can be seen that a zoning solution consists of a set of muzzle
velocities which, in turn, determines the charge (type and amount) for a
specific weapon and projectile.

These zoning solutions have been tabulated for US weapon systems
from the 4.2 inch Mortar to the 8-inch Howitzers in Tables 8 to 12. These
are based on References 3 to 17 and data provided by Firing Tables Branch,
BRL; Yuma Proving Ground; numerous sections of the Ammunition Develop-
ment and Engineering Division, Picatinny Arsenal, and Edgewood Arsenal .
Note that the 4.2 inch Mortar difters from regular artillery weapons in hav-
ing only three quadrant elevations and many muzzle velocities (charge
increments) . Thus, Table 8 has only selected charge increments. If a
complete tabulation is needed, they can be found in References 3 and 4.
The zoning solutions that are available for Soviet weapon systems are in

Table 3A in the classified addendum to this report and so is classified
data on US projectiles.

Rocket assisted projectiles (RAPs) require more than their launch
velocity to be specified in order to predict their range and, hence, their
zones. Therefore, the necessary remaining information beyond that in
the inertial properties tables for before and after burning and the aero-
dynamic coefficients in Appendix B are presented here in Table 13 for US
RAPs (insufficient data is available on Soviet RAPs) .
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Table 13
Rocket assisted projectile thrust data

Delay time® Burn time Thrust Drag form factor

Projectile (sec) (sec) {Ib) {during burning)
M5u8 14. 2.3 92.5 1.00
Ms49 7. 2.5 558.0 1.00
XM650EY 7. 3.0 786.5 0.96
XM753 7. 3.0 786.5 0.96

a_.. L
Time from launch to motor ignition
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Zoning information for the XM712 is also available from the trajectory

data in that section of this report and in the zoning section of the Addendum.

Dispersion

The US Arimy has standardized upon the probable error as the
measure of dispersion. Range and deflection dispersion are treated as
separate one-dimensional problems. Since a probable error in range or
deflection is defined as the distance on both sides of the mean point of
impact (MPI) which together will include (in a statistical sense) 5C% of
the rounds fired, a one-dimensional probable error is 0.6745 of the un-
biased standard deviation.

These probable errors, range and deflection, are tabulated in
References 3 to 17 in their supplementary data tables. They are also shown

in the probable error columns in the compacted firing tables in Appendix A
of this report.

"Firing table" values are usually the smalfest measure of dispersion
Various other measures of dispersion are thoroughly discussed in Reference
1 and the pertinent excerpt is inciuded here verbatim. The only changes
have been to include some curves of the "firing table" values (these are
labeled "precision" since they conform to that definition in Reference 1) on
their graphs and to adjust figure and reference nomenclature.

"One of the most confusing field artiilery performance
characteristics is the delivery accuracy. Table 14 lists both
the precision and MPI probable errors for conventional and
extended range projectiles. Precision is the scatter of burst
points abnut the mean point of impact (MPI) of a group of
rounds fired from a single weapon on a single occasion from
a single site. The MPI is the mean range and mear deflection
of a set of impact points. If the rounds are fuzed for nir
bursts, the mean burst height is also included. The MPI
is not necessarily the aimpoint or target. The probable
error in precision is usually expressed in meters (m)
measured from the MPl  f, for example, at a certain
range 50 percent of the projeciiles fall between the mean
range pluz 19 m and the mean range minus 10 m, the
precision probable error in range is 10 m at that specified
range. The listed precision errors are given in units of
percent range (range at which measurement is valid) ancd
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mils deflection. The values given are average values that
may occur hetween 75 percent of maximum weapon range
and mmaximum range at the top charge. For instance, Table
14 lists 0.21 percent range and 0.65 mils as th2 precis:on
error for the M1C1A1 howitzer firing conventional munitions,
therefore, the precision probable error in range &t iraximurn
range (1.0 km) is 232.1 m and the precision probable error
in deflection at the samn~ range is 7.0 m. A! 75 percent
naximum range (8250 m}, the precision probable rangc and
deflection ecrors are 17.3 and 5.3 m, respectivaly. The
listed precision data are not applicable to ranges less than /5
percent maximum weapon range (pirecision ervor vs range
is nonlinaar) or to chergas (zones) other han top charg..

e s A et il

To describe a more real.stic delivery accuracy, the

mean point of impact (MPl) erivor is used. The MPl eiror s
defined os the scatter of MPls about an aimnoint. The aim-
point is not necessarily the targat, there may be an unknown
targer locadon error. Precision errors are cadsced primarily
by inherent errors in & single weason and ammunition sysiem,
but MPI errors are caused by system errors such as imperfect

& aiming procedures and erroneous meteoroiogical predictions.
inafire mission adjusted by a forward observer, the primary
source of MPI error will be the forward abservar's adjustment
and iocation inaccurecies. I the Met + VE predicted firc
mission, however, the MPi error witl be caused by mnetzoro-
logical errcrs (Met) and valocity errors (VEY such as tuba-to-
tube differences (in a battery) and registration ervars (a
registration is never truly accurate, but it is assumed to be
so; thercfore, tiere is a constant residuai crior ior each
registration) . The largest meweoroiogical error resulls from
the inability to satisfactorily predict wind velociily and
direction. This ballistic wind error may be 150 percent
larger than any other singlc met error. Available Met + MP! .
probable errors are given in Tabie 14 i1 units of parcent
range and mils deflection. As before, these are average
values that may occur between 75 percent of maximum
weapon range and maximum ranga at top charqge.

Figures 2 through 7 graphically describe the range
and detlection MPI probable error (in metres) as o funstion
of range for selected weapons firing Met + VE missions, in
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most illustrations several zones are represented and identi-
fied by, for example, | (Charge 1}, Il (Charge 2), and lllw Cd
{Charge 3, white bag) . Several features of this sarics of
figures are outstanding. First, although low charges are
desigr.ad for short-range operation, at certain ranges the
Iow -chairge error is nearly double that of the top zone at
the same range. A principal cause of this phenomenon is
projectile instability due to slower launch velocities.
Cannon life expectancy is advantageously extended, how-
»ver, whken lower charges arc used. Figures 3 and 4 show
that the M109 firing the M549 RA projectile has a smaller
MPI range error than the M109 firing the M107 HE projectile
at ranges above 8 km with Charge 7. At 12 km, the M109/ ;
M549 RA has an MPI| range probable error at 74 m; the ‘
M109/M107 HE, 90 m. These values seem illogically re- !
versed. One possible reason for this unexpected result '
inay be that the RAP is less sensitive to ballistic winds i
vecause of tne inherent in-flight propulcion aind improved '
acrodynamics. Figure 7, the MPI probable error nf the
M107 175mm gun, shows the error magnitude that may be
expected for 30-km systems: range probable error, 20m;

%ﬁi deflection probaw': error, 110 m. This is not the end of
the delivery accuracy story, however, as best shown by
the Helbat | tests (Ref 20) wnere simulated operationai
readiness tests produced some errors greatly in excess of
those given by the MPI curves: for an M103 howitzer firing
to an average range of 9.0 km, graphical range probable
error was 155 m and deflection probable error was 86 m.
The MPI prohable errors for the same ranae and zone are
as follows: range probable error, 85 m; deflection probable
error, 23 m. Since the Helbat ranges varied from 8 to 12
km and since 11! Helbat missions were not strictly Met +
VE types, a direct comparison of the Helbat | data with the
MPI error curves may be guestionable: but the effect of
tuman error obviously should not be ignored". . .

o et oty ke
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Further discussion of thic topic may be found in Reference 21.

For any case in Appendix A whet e the source is not a firing table
and probable errors are giver, they are either from a limited numkbkar of
firings or estimated from computer simulations. These values should be
considered as estimates only. [t i3 worthwhile to repeat the warning in
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the discussion from Reference 1 about the dominant effect of meteorological
error, primarily winds at altitudes, upon precision and the importance of
target location error upon actual miss distances.

The only guided projectile considered in this study is the XM712
(Cannon Launched Guided Projectile (CLGP). The discussion of its accuracy
is given in the classified Addendum of this report. Dispersion data on
Soviet munitions which is available is alsc included in the classified
Addendum to this report.

Aeradynamic Coefficients

All of the aerodynamic coefficients presented 1n this report, except
for the XM712 (CLGP), were estimated by the same method and are pre-
sentec 1n the same format. The methoed used is documented in Reference
22 and is availabli=z as a computer program, SPIN73, in FORTRAN. It
consists, basically, of empirical curve fits 10 a large data base of the effect
of various projcctile dimensinns upon the aerodynamic coefficients (Ret 22) .

The estimates generated by SPIN73 are given in Appendix B, except
for the data on Soviet ammunition which is in the classified Addendum.
Some discussion of the meaning of the various column headings i< neces-
sary to understand how to use the vutput in standard aerodynamic co- -
cfficient form.

If we call the total angle of attack a (radians), the spin p (radians/
sec), and the angular rates are pitch, g, or yaw, r (both rad/sec), then the
various coefficients are, in terms of the SPIN73 tabulated names, as a
function of Mach number:

Axial Force: C, (M,a) =CX + CX2 sin*a (1)
Normal Force: CN(M,Q) = CNA sinu (2)
Pitching Moment: Cm M.a,q) = CMA sina + (qd/2V}CTMQ (3)
Magnus Force*: C;I(M,a,p) = (pd/2V)CYPA sina (%)
Magnus Moment*: C';(M,a,p) = (pd/2V) (CNPA sina + (5)

CNPA3 sin'a + CNFAS sin®a)

Rolling Moment: CL,(M,p) = {pd/2V) CLP (6)

*Primes indicate that this is onby the Magnus contribution to the side force,

C and the side moment, C .
y n ay
-t }
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where all tabulated coefficients are functions of Mach nt ber (M), d is
the reference diameter, and V is the flight velocity.

In addition to the above, the foliowing are also tabulated: the normal
force conter of pressure, CPN (in calibers from the nose), the Magnus force
center of pressure at 1° and 5° angle of attack, CPF [1] and CPF [5] (from I
the nose) and the secant slope ol the Megnus moment (per radian) at 5° ‘
angle of attack, CNPA [5]. Note that the designation, dimensions, and
physical properties of the nrojecidles are included in the description above
the coofficient tables.

The SPIN73 generated cocfficients have notl been checkead for a tra-
jectory match with firing tables, where available, because of the lack of
time; therefore, they have not been perturbed t¢ produce such a match.
Based on past experience and the degree of coefficient match reported in
Reference 22, it is expected that the mismatceh is not severe for projectile
configurations within the rarge of the data base.

The XM712 (CLGP) coerficients are presented in whatever form that
they were available in the refereaces. Usually derivatives with respect
to angle of attack given in this daw@ will be per radiar cather than in terms
of sin a. The Advanced Devriopment (AD) configuration had only a fold-
ing deflectable cruciform tai! and is reported in Reference 23. The Engi-
rneering Development configuration added a cruciform set of fixed (in
deflection) folding wings and this is reporied in Reference 24. Edited
excerpts taken from these sources are presented in Appendixes C-1 and C-2.

Trajectories and Firing Tables

Complete computer simulated trajectories based on the aerodynamic
coetficients in Appendix B and the inertial nroperties discussed earlier
are not available. At the time the termination of this task due to reprogram-
ming of funds became known, it was decided that a thorough job of generat-
ing aerodynamic coefficients and cellecting inertial properties on the pro-
jectiles was necessary, since it would be impossible to compute trajectories
at a later date without this data.

Substantial trajectory data are available in this report. The compacted
firing tables of Appendix A have range, deflection (angular), and quadrant
elevation information. Most of this is from firing tables (Ref 3-17) while
some is from computer simulated trajectories available for projectiles ir
davelopment under other pirojects or from a limited number of firings. It
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is not claimed that this data can be exactly duplicated using the aerodynamic,
inertial, and initial conditions data in this report, Based on past experience %
with SPIN73 aerodynamic coefficients, the results should be in fairly good

agreement. Not only is it possible to refer to References 3 to 17 for finer

detail in range than is in the compacted tables of Appendix A but these

references contain other information that is not in the compacted tables.

Probably the most useful of this additional information is time of flight,

angle of fall, terminal velocity, and graphs of altitude versus range. How-

ever, this data is only available for projectiles which have final or pro-

visional firing tables.

The range data on the XM712 CLGP available in Reference 24 is
included in the Fly Under-Fly Out (FUFO) capability (Fig 8-15). This is
purely analytical data. More information is available in the Addendum
under zoning.

Similar compacted firing tables for those Soviet shzil for which full
tables are availakle have been generated and are in the Addendum to this
report.

Controi Aeroballistics

The subject of this section is the experimental and analytical investi- e
gation of the aerodynamics of projectiles guided by acrodynamic surfaces.
The primary method of presenting the information will be bibliographies
of experimental and analytical methods. There is, of course, some overiap.
Analytical reports will usually contain experimental comparisons and ex-
perimental reports will often discuss and comnare various theorics with
the data.

There has been come aerodynamic coefficient data on the XM712
Cannen Launched Cuided Projectile collected and presented in Appendixes
C-1 {AD) and C-2 (ED). They represent both its AD (tail alone) and its
ED (tail and wings) configurations and were taken from Control Aerody-
namics Experimental Bibliography items CE1 and CE7. Data on a canard
centrolled-fixed tail CLGP design that was not selected for Engineering
Development is available in Experimental Bibliography items CE14, CE15,
and CE19,

The bibliographies are not meant to be exhaustive or deal with basic

aerodynamics. Hopefully the most recent and/or applicable work on aero-
dynamic controlled and guided projectiles have been included. It should
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he noted that many of the items listed are titles obtained from a computer
search and have not yet been obtained for a more complete study of their
applicability.

The analytical methods that could be studied exhibit some areas of
poor agreement with experimental results. They also usually do not allow
for more than two surfaces at a particular body station. Multiple surface
capability is needed for all foreseeable artillery rounds. A typical difficulty
with the vortex shedding approach, so widely used, is that for in-line sur-
faces (e.g., wing-tail, canard-tail or canard-wingj the vortex shed by the
forward surface may be predicted to pass above (under) the rearward sur-
face while experiment shows it passes under (above) the surface (see
discussion in CA10). Other experimental results indicate difficulty in pre-
dicting cross-coupling and rell (spin} effects in general and also static
stability in the transonic velocity flight regime.

As part of another task, preliminary and final aero data package
experimental programs were suggested for the two configurations proposed
for the CLGP ED program. These experimental efforts were intended to
investigate the expected trouble areas in both cases without incurring
excessive program costs; a research program would be more exiensive.
These programs are attached as Appendixes D-1 and D~2. Aoppendix D-~1
applies to a canard-controlled fixed-tail configuration and Appendix D-2
applies to a fixed-wing tail-controlled configuration.

Analytical studies should be pursued to improve techniques espe-
cially for in~line surfaces, transonic flight, multiple surfaces; and pitch,
yaw, and roll coupling.

Terminal Ballistics
Lethality and Vulnerability

The lethality and vulnerabhility aspects of terminal ballistics was in-
tended to be dealt with by a selected bibliography from the basic source,
Reference 25. The fact that the selection must be based upon the descrip-
tions in Reference 25 rather than upon actual study of the possible selections
is unfortur.ate.

The descriptions in Reference 25 are sufficiently clear so that the
bibliography for this section includes the most useful material currently
available. Vulnerability of target systems has been included as an aspect
of lethality.
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Sensitivity Coefficients

Sensitivity coefficients are, in general, first partial derivatives.
For example, holding all other variables constant, the effect of projectile

38R R . e
weight on range is linearized as AR = (m) AW, where 3w 'S the sensitivity

coefficient for range with respect to weight.

The practice of the US Army is to include such corrections in their
firing tables for muzzle velocity, cross wind, range wind, air temperature,
air density, and projectile weight. Propellant temperature corrections are
also made indirectly. There is usually a senarate table which gives the
change in muzzle velocity for a given propellant temperature; this is then
used as a muzzle velocity correction to range.

The only listed correction which is not a true partial derivative is
the one for projectile weight. This range correction includes both the
effect of changed muzzle velocity and the effect of changed ballistic co-
officient, (W/CxA), during flight. This is why a separate correction for
muzzle velocity should nst be made for a weight variation. The muzzie
velocity correction is to be used for propeiiant temperature corrections,
as mentioned, and for other effects, such as bore wear.

Firing table corrections may appear to be backwards but this is not
so. An increase in muzzle velocity will, for example, increase range; that
IS, %> 0. But when one looks at a firing table it will be seen that jor a
muzzle velocity increase (usually tabulated for 1 m/s) the range correction
is given as a negative number, a decrease. This is because the tabulated
range change is to be algebraicaliy added to the range desired, producing
in this case a shorter range. This will require that the aun elevation be
set so as to produce this shorter range. Then, when the shell really flies
further because of the increase in muzzle velocity, the desired range will
be reazhed. Similar reasoning applies to all the other corrections and is
the only real difference between corrections and sensitivity coefficients.
(A tail range wind is considered an increase and azimuth corrections for
a cross wind are made into the wind.)

Most US Army firing tables give ranges and range corrections in
meters and elevations and azimuths and their corrections in mils. One
Army mil is defined as 1/6400 of a circle. The usual increments in the
independent variables used are: cross and range winds. 1 knot, muzzle
velocity: 1 m/s, air temperature: 1% of standard (518.7°R, 288.15°K), air

-y
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density: 1% of standard (0.002378 slug/ft®, 1.2250 kg/m'), and projectile
weight: usually 1 square (SQ) from a stated standard, e.g., 2 SQ STD.
Atomic rounds are marked with their actual numerical weight so their fir-
ing table corrections are given per pound.

A further explanation of weight squares follows. Artillery projectiles
are stamped with square-shaped marks to give an indication of how far
away the loaded projectile is from some reference weight. The value of a
square is different in terms of pounds from one projectile to another. The
approximate values for some projectiles are listed below (Table 15) so that
a conversion can be made between squares and pounds. Another point to
oe kept in mind is that a particular firing table may use a non-zero number
of squares as the reference weight of a projectile (the one for which the
basic table has been constructed}. This is always given but note must be
taken. For example: a projectile is stamped with 4 squares but the standard
number of squares is given as 2. Thercfore, the range correction to be made
is that for + 2 squares not that for + 4 squares.

The compacted firing tables presented for US projectiles in Appendix
A contain all the corrections mentioned above where ihey are avdiiablie.
The data on those projectiles which have official firing tables or provisional
firing tables are usually complete. Whatever data was available from other
projects has been ircorporated into Appendix A. Most of the data, especially
on projectiles in development, is based on computer simulations but a limited
amount of firing data is alsu available and has been included. Appendix A
is no exception to all the data in this report; whenever a projectile datum
has been extrapolated unduly or assumed the same as some other prejectiie,
that value is inclosed in parentheses.

Similar compacted firing tahles for those Soviet projectiles for which
the information exists are presented in the Addendum to this report.
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Table 15

Approximate relationship between squares and weight

Projectile

M329A1
M328A1

M1

M60, Gas
Me0, WP
M548

M107

M110, Cas
Mitg, wp
M116
M116, Colored
M121, Al
M549
MU437A1, A2
M106

Muoa

(

2

2

£ 8 W s o & E U NN

Standard squares

2 (=7 of M329A1)

of M1)

3¢

Pounds/square

0.25
0.30
0.6
0.6

Source

Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
Ref
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CONCLUSIONS AND RECOMMENDATIONS

The most up-to-date unclassified aeroballistic data available on US
Army indirect-fire projectiles (105mm and up) has been collected or
generated. Aeroballistic is used in a very broad sense to include: ex-
ternal dimensions, inertial properties, trajectories, zoning, dispersion,
sensitivity coefficients, aerodynamic coefficients, lethality and vulner-
ability, and controlled projectile aerodynamics.

Classified data in the above areas on US projectiies and all data on
Soviet and Soviet Bloc indirect fire artillery projectiles (100mm and up)
which were also collected or generated are in a separate addendum to this
maiin report.

This study concentrated on generating a complete set of aerodynamic
data without any trajectory information; the rationale being that trajectories
can be run later with the data. [t is not presently known how closery the
aerodynamic data, when used in simulated trajectories, will match firing
table results. Past experience lends credence to the belief that the match
will be acceptabile.

It is recommended that further work in this area should assure con-
sistency between predicted aerodynamic coefficients and firing table results
and include free-flight rocket aeroballistics.
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AFPENDIX A

COMPACTED FIRING TABLES OR SIMULATIONS
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APFERNDIX C

CANNON-LAUNCHED GUIDED PROJECTILE AERODYNAMIC DATA
¥M712 AD configuraticr:
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This summarizes the pertinent data and conclusions pertaining to the
aerodynamic characteristics and ftight test performance of the Cannon
Launched Cuided Projectile {CLGP) configuration. The d=velopment of the
aerodynamic characterization of this ¢~ -figuration is briefly cummarized,
including both theoretical znalyses and wind tunnal and tiight test results.

A combination of theoretical analvse~, wind tunnel testing and flight
testing was utitized to examine the aerodynamic performance capabilities
of the CLGP airfrarne. The aerodynamic properties of the first basic CLGP
configuration were obtained by utilizing the Martin-developed CAM3 coin-
puter program. The CAMS (Computer Aided Missile Synthesis) program
aerodynamic module is basically a computerized adaptation and extension
of the US Air Force DATCOM Stability and Centro! Handboolk. The CAMS
progr am contains provisions to evaluate both linear and nonlinear con-
tributions to aerodynamic <oefficients, inctuding the influence on aft lifting
surfaces of vortices generated by forward lifting surfaces, body vortex
effects on lifting surfaces, aad stall characteristics. Initial CLGP aero-
dynamics were based on a configuration with a length of 47 inches, =or-
responding to the alter nate proposed configuration.

In order to verify the aercdynamic characterisiics as predicted by
the CAMS program, a wind tunnel test vias 2ls3 conducted during the
propcsal preparation. A 75 percent stale medel was constructed of aiumi-
num with high strength steel fins was used. This model included bour-
reiets and the rear -mounted cbturator. Tle test were conducted in the
Ling-Termco Voujht 4-fout, high speed wind tunnel facitity through a Mach
numbe= range of 9.4 to 2.2, with Reyrold's numbers of 6.55x10% to
7.07x10°% per foot. The model was mounted ¢n a bent sting that had an
angle-of-attack renge of from -5 to +3.) degrees. The tail fins were man-
uvaily adjustable with settings at 5-degr =+ increments from -25tc +10
denrees. Data from the wind tunnel test in general substantiated the pre-
dicted aerodynamic characteristics as developed by the CAMS program,
with the ‘2llowing excentions. To obtain equivalent trim values of normal
force coefficient, the test indicated a required increase in angle of attack
of 2 to 3 degrees and appreximately a 5-degree increase in fin deflection.
Extraction of linear values of normal force, pitching moment and control
power from test data at subsonic Mach numbers revealed a reduction from
predicted vaiues of 30 to 35 percert. Following the wind tunnel test, asro-
drnamic ccefficient revisions were incorporated in the 6-degree-of-ireedom

system simulation pi-cgram in order to bring the aerodynamic data inputs
into agreement with the wind turnel results.
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Because the wind tunnel test was conducted on a 75 percent scale
model of the 47-inch proposed alternate baseline configuration, it was
nacessary to apply corrections in order to characterize the S4-inch air-
framc. These corrections wern based upon theoreticai modificatiuns to
the 47-inch wind tunnel data.

The addition of four strakes to the optical nose conc of the Baseline
CL%GP produced a new corfiguration identified as Baseline lll. Estimated
aerodynamic characteristics of this configuration were obtained by applv-
ing theoretical corrections to the baseline aerodynamics in order to ac-
coun. for the four large strakes on the nose.

At the time the Baseiine lIl aerodynamic characteristics were ce-
veloped, it was recognired that another wind tunnel! test would be required
in order to verify the predicted coefficients. A series of tests was conducted
in May 1972 at bcth the Ling-Temco-Vought High Spead Wind Tunnel and
the Arnold Enginecering Development Center Propulsion Wind Tunne! (4T) .
In general, substantiation of earlier data was obtained, with the exception

the LTV test, to ve statically unstable at thie higher Mach numbers. There-
fore, emphasis during the AEDC test was placed cn a configuration with a
very much reduced strake area which was subsequently to develop into

the current Baseline I\ configuration. The aeruodvnamic characteristics

oi the Baseline IV airframe are given. These data represent the current
aerodynamic characterization of the CLGP configuration.

The foilowing four plcts (Figures 2 through 5) present out-of-plane
aerodynamic coefficients on a body axis system for roll attitudes of G, 22.5,
45, and 90 degrees. They were derived from the AEDC wind tunnel test
dcta, and are basad on 5 degrees of ol ccmmand.They are directly applic-
able to the nitching and yawing moments deriving from vertical fin {num-
bers 1 and 3) roll deflections. The similar contributions of the horizontal
fins (numbers 2 and 4) may be obtained from the four plots as foilows:

Use ¢ =20° for ¢ = 90°

¢ = 22.5° for ¢ =112.59
¢ = u5° for ¢ =135°
¢ = 90° for ¢ = @°

. and
and switch CMP ne CMY

cand p
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where CMP is the pitching momenrt coefficient

CMY is the yawing momenrt coefficient

a is the pitch angle of attack
B is the yaw angie of attack

With the addition of these cut-of-plane coeffici2nts to the aerodynamics,
the test flight coning behavinr was then predicted.

Examination of fligh test resuits aisc pr-inted out a discrepancy
betwzen predicted and actual rolt rates during hallistic fiight. Roll rates
were typically 10 to 20 percent lcwer than predicted. Roli power was sub-~
sequently redefined as a function of totai fin incident argle racther than the
previcus fin deflection alcre. Fin incident angle is defired as the sum of
free-stream or bodv argle of attacie, fin aeflection, and body upwash. In
the lateral case, it is the sum ? body sideslip angie, fin deflection, and
body sidewash. Suice the CLGP is symumewricai aboai its X-X axis, angie
of attack and body upwash are interchangeable with sideslip angie and
body sidewash.

To evaluate body upwasn (and sidewash), plots of angle of attack
versus pitching moment coeffizient were drawn for the body along and for
the body plus fins at severai fin deftections. At the angle of attack for
which tne body and the body plus deflected Tin pitch moment coefficients
are equal, the fin incident angle must be zero. Knowing the angle of
attack and fin deflection for each intersection then provides a solution for
body upwash as a function of angle cf attack and thus the slepe of upwasn
with angle of attack. Thersz salutions were repeated for each of the wind
tunnel data Mach numbers to provide the upwash slope variation with Mach
number .

With the fin incident angle thus defind, roll power was then gen-
erated from the wind tunnel data as a function of this angle for several
Mach number=. These data are shown on Figure 6. Ncie that total rolling
moment coefficient is then defined as:
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C, =<y M. 5 -p 1+;—‘%
+CQ M, 8§, -a 1+§:—
+CQ M, 8, +_p 1+g%
+CQ M, 6, +u l+g—§

This inclusion of upward (or sidewash) in the aerodynamics then
provided a close match with test roll rates.

In suminary, the aerodynamics as presented in this report are con-

sidered adequate o describe the AD CILLGP flight environment as verified

by comparison with test flights. The major conclusion to be drawn from

this report is that, based upnen existing flight test data and analyse<, the

Bacaline IV Final Aerodynamics appear to adequately describe the CLGP
airframe aerodynamic characteristics.

The inciuded curves of aerodynamic coefficients are those data
recommended for use in flight simulations of the CLGP projectile. Stability
and control, axial ‘orce, roll chai-acteristics, and damping derivatives
have been given for prcjectile roll attitudes of 0 and 45 degrees.

The data curves given were based on wind tunnel data measured on
a 75 perceni scale modai tested during May 1972,

Figure7 presents the
axis system and sign convention,

Reference area and length for all co-

efficients were 0.196 ft* and 0.5 ft, respectively. The collected aerodynamic
coefiicients are plotted in Figures 8-34,
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Figure 1 in the report from which this Appendix C is excerpted
was not needed.
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APPENDIX C

CANNON-LAUNCHED GUIDED PROJECTILE AERODYNAMIC DATA
XM712 ED configuration
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GEOMETRY AND MASS PROPERTIES

T hesc are presented in Figure 35,

AEROUDYNAMIC PROPERTIES

Static stability, drag butldup, and contro! effectiveness duta were
obtained f- 5m a 75-percent scale model wind tunnel test conducted in
March 1975. Thooretical celculations were performed to cefine the dynamic
darrping coefficients. The values calculated were then correlzted with
similar data for the AL CLGP, with good agreement. No agredynamic crass
coupting and contrel interaciion eifects were measured.

The ae-cdynamic data on Figures 36 through 49 are presented in a
body axis sys*em about a center of gravity located £.17 celibers arft of the
nuse. The reference area is 0. 186 ft* and the reference length is 9.5 foot.

Pote, tiallv criti-al configuration areas have been minimized in the
proposed conficuratior. Tre fins were sizea to nroviae a one-halt caliber
siatic marain at the highedt launch Macti numiber. The wings were then
sized to maximize trim ivad factor capability at the lower raach numbers
that will be encountered iri maneuvering fiighy, and at the same time, be

compatible v.ith the spar, restrictions imposecd by the feldout concept.

Mcdel buildup runs were conducted w provide criticai evaluation
of forebudy, base, fin, and wing diag. The effects 57 bourrelets, open
slotted conuron hou:wing, ard engraved obturator were evaluated during
AN testing. These cats confirm i 1cted configuration range performance.

During AD flight testing, contiguration instabilities arising from
aerodyndmic ¢ro:s cous ing were expervicnced.

Consequentiy these cress
coupling coeflicieniz were estimated
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APPENDIX D

CAMMON-LAUNCHED GUIDED PROIJECTILES RECOMMENDED
WIND-TUNNEL TESYT PROGGRAMS

Canard-controlied fixed-tail design




Early ED Wina Tunnel Test for Dasign Purpuses

Test Outlilve

I. Body and Tail (controls undeflected, rotling & nonrolling) .

A. Test Conditions (except as noted, number in parenthescs is
number of values of that veriable)

1. Mach MNo.: 0.4, 0.8, 0.9, 0.95, 1.0, 1.1, 1.2

2. Angles of Attack: +6°, +4°, +2°, +1%, +0.5°, -1¢, -2°,
-6°, -89, -10°%, -12°, -~14°, —16°, -18°, -20° (1¢)

3. Yaw Angtes: 0° (1)

4. Roll Angles (N.A. when rolling): &, 22.5°, 45°, 67.5% 90° (5)

5. Rol! Rates: pd/2V =0, 8.007%, ¢.015, 0.020 (4)

A s t-
H

o . ¢ D . s .
Number of Runy {une viin i one nu\__;l'\-.‘ Gl awad ‘.:‘v’\.i’.‘ﬁ})}

t. S
% 1. Mach =0 8, Roll Angles = 0°, 07, 1890°, 27(0°:

(correct any model asynune{ries detected.)
2. LA 1-5 (rolting)
contingency runs
3. 1. A 1-5 {nonrolling)
contingency runs
L, Total
C. Reviic ussign as required.
Il. Body and Tat! and Canzrde {(centrols undeflected)
A. Test Copcitions
1. Hack No.. 0.8, 4.9, (.95 1.0 (&)

% 273
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5, 1.5, 2.0(9)
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2. #ngles of Attack: Same a¢ |
3. Yaw Angles: Sameas | (1)
4. Roll Angles: Same as ! (5)
5. Roll Rat pd/2v = 0,0.015 (3)
B. Number of Runs
1. M =0.8, Roli Angies = 0%, 90°, 180°, 270°:

(correct asymmetries)

ra

(. A. (nonrolling}
contingency runs

3. 1. A. (rolling)

contingency runs

4. Tota

11, Body and Ta'l Canards (controls deflected)
A. Test Conditions )

1. Mach No.: Same as il (4)

2. Angles of Atiack: Same as i

3. Yaw Angles: Sameas| (1)

4. Roll Angles: A: (©, 22.5° 45°, 67.5° 90° {3)
B: A plus 112.5° 135°, 157.5° (8)

5. Roll Rates: pd/2V =0, 0.G075, 0.015 (3)

2y

20

10

ey



6. Control Deflections

a. Roll Program A at ali Mach No -
pitch: +5°, -s59, ~7.5°, ~10° (y)
Yaw: (° (1)

b. Roll Program A at all Mach No .:
pitch: go (1)
yaw: -go +59, 7.5°, 1100 (4)

¢. Roll Program B
pitch: 450
yaw: -g5o

(nonrolling)
~5°, -1¢0° (3)
» 5%, 4100 (3)

B. Number of Runs
1. Nonr'\lling
4. pitch deflection only:

. vaw deflection only:

)

€. pitch ang yaw
d. Tota|

2, Roliing

a. pitch deflection only:
b. yaw defleciion only:

€. pitch ang Vaw:
d. Totaj

C. Revijse Oesign as Requireg

v. Grand Total of Runs: 741 (minimum]

V. Cenary] Tast Consz’dera:ions
A. Test Metihods
1. Six coMmponent balance,

275
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7. Base pressure measurements will be taken at least at 4 points.

3. Model will represent expected flight condition (either en-
graved obturator on or off) .

4. Flow visualization techniques will be used.
B. Test Models/Facilities

1. 0.5 percent blockage ratio not to be exceeded at full control
deflections and zero angle of attack.

2. Test Reynoids number should be as close to flight Reynolds

number as possible; and nct below 2 x 10% (Lased on diameter) at Mach 1.0.

3. Facilities
a. NASA Unitary Tunnels, Ames Laboratory.

(1) High Reynolds Number. Ca. match flight on a
fuli-scale model.

(2) A fuil-scale model would have less than 0.5 percent
blockage ratio.

(3} Match number range is 0.7 to 1.4 in 11-foot hy 11-
foot and 1.5 to 2.5 in 9-foot by 7-foot tunnel.

(4) Awvailable at no cost.

(5) Availability of test time depends on national

y. {High Airmy priority means § to 12 month wait.)
(6) Low number of runs per hour (x2)
b. CALSPAN 8-foot by 8-foot.

(1) Capable of exceeding a Reynoids number of
2 x 10* throwghout controlled flicht Mach number regime.

(2} A full-scale model wouid have less than 0.5
percent blockage ratio.
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: (3) Mach number range is 0.1to 1.3.

(4} Anottier tunnel is required for supersonic testing.
(5) Cost is $1500 per hour.

(6) Test time available immediately.

! (7} Very high number of runs pes hour (*10) with re-
' motely controlled spin and control surfaces.

R ST

c. AEDC 4T with Supersonic Blocks

(1) Capable of exceeding a Reynolds number of
2x 10% at M=1.6 and 2.0.

(2) Blockage requirements are not limiting for super-
sonic conditions.

(3) Mach numbers are 1.6 and 2.0.

This is considerad the main choice tunnel for

~~
4
——

supersonic testing.
(5) Cost is $720 per hour.
(6) Availability of test time depends upon DOD priority.

(7) High number of runs per hour (=6) with remotely
controlied spin and control surfaces.

d. AEDC 16-foot by 16-foot.

(1) Can maintain Re = 2 x 10° (based on diameter) at
all Mach numbers up to 1.6.

(2) A full-scale model would not exceed 0.5 percent
blockage.

(3) Cost is $1400 per hour of tunnel occupancy.

[ (4) Availability of test time depends upon DOD priority.

(LY N
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{5) High number of runs per hour (=6) with remotely
controlled fins and spin.

4. Models

a. Use of existing model would not allow spin control or
remote control setting of fin deflections.

b. Use of proposed 3/4 scale model would aliow remote
contro! of tins but would not allow spin control.

c. (1) A mode! incorporating the features in (a) must be
built.

(2) The test time required for the transonic portion of
the final test program is probably too long at any NASA tunnel.

V!. Recommendations:

A. The NASA tunnels have been discussed because they are available
at no cost. But if a high nationa! pricrity cannot be estabiished, the time
delay in getting into these tunnels renders them useless. Therefore, it
is recommended that the CALSPAN B-foot by 8-foot tunnel be used for tran-
sonic testing (it is available on call) and the AEDC 4T with supersonic
blocks be used for supersonic testing.

B. The same order of recommendations is made for the final aero-

dynamic data package required. Scheduling will be tighter here, and the
NASA tunnels are definetely out.

irmol ~mef:

C. Inlight of the Reynolds number problem and the fina! configu-
raiiun aerodynamic testing required fater in ED, it is recommended that

the early ED testing be done with a full-scale, remotely controlled spin
and control surfaces model.
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Minimum Wind Tunnel Test Program of Final Configuration:

Wind Tunnel Test Requirements.

1. Test configuration wiil be full-<cale, preferably based on actual

hardware to reduce model costs and for surface finish, and Reynoids' number

matching.

2. Test configuration will be expected flight configuration, e.g.,
obturator either on or off as intended. If obturator is an, it should be

engraved.

3. All tests will be made with a 6-componer t balance plus instru-
mentation to obtain hinge forces and moments on control surfaces. Base
pressure will be measured.

4. The model must be capable of remote and independent control
of all cantrol surfaces and of model 3pin rate,

5. These surface variations must be set within 0.002° and data on
all control variations and the spin rate must be available continuously

during a tunnel run.

6. Base pressure measurements will be taken at least at one radius
every 90°% this radius should be half-way betveen the sting and the edge
of the base of the projectile. Thz pressure taps should be in the base and
the plumbing routed inboard and then out along the sting. External rakes
should not be used.

7. Data reduction will include plots of all force and moment co-
efficients as functions cf all variables in test.

8. Flow visualization techniques will be employed at all times.

3. Read also the Early ED Test Plan. Give special attention to
Section V - a discussion of Model/Facility choice.

10. If full-scale controllable model was used in earlv EI2, the model
is already available and paid for. Any testing dune in early ED on same
external configuration as final design doesn't have to be done agcin and
their time and costs may be deducted from this plan.
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Test Outline
|. Body Alone

A. Test Condition (number in parentheses is number of values of
that variable)

1. Mach No.: 0.4, 0.6, 0.8, 0.9, 0.95, 1.0, 1.05, 1.1, 1.25,
1.50, 2.0 (11)

2. Angles of Attack: +6°, +4°, +2°, +1°, 0.5°, 0°, -0.5°, -1°,
-2°, -W°, -6°, -8°, -10°, ~12°, —14°, -1%°, -18°, -20° (18)

3. Roll Angies: (°, 22.5°, 45°, 67.5°, 90°, 18(°, 270° (7)
4. Yaw Angle: 0° (1)

B. Number of Runs (considering an angle of attack sweep as one
run): 77

C. Any model asymmetries detected should be corrected and any
flow asymmetries noted for correction of data.

1. Body and Tail (rolling and nonrolling)
A. Test Conditions
1. Mach Mo.: Sameas | (11)
2. Angles of Attack: Same as I.

3. Roll Angles: 0°, 22.5°, 45°, 67.5%, 90°, 112.5° 135°, 157.5°,
except as noted (8)

4. Yaw Angles: ° (1)
5. Roll Rates: pd/2v =0,0.0075, 0.015, 0.030 (4)
6. Control Deflections: 0 (1)

B. Number of Runs
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1. p=0,4¢=0° 180°, 270°, M = 0.8: 4 (Asymmetry check)

2. p=0 88
3. p#fQ: 33
4. Total 125

C. Correct any model asymmetries detected in 1i.B.1 and note flow
asymmetries.

11l. Body and Tail and Canards (No control deflections) .
A. Test Conditions
1. Mach No.: 0.4, 0.8, 0.9, 0.95, 1.0 (%)
2. Angles of Attack: Same as 1.
3. Roll Angles: Same as Il (8)
4. Yaw Angles: Sameas | (1)
5. Roll Rates: Sameas Il (4)
6. Control Deflections: 0° (1)
B. Number of Runs
1. p=0: 40runs
2. p#0: 15runs
S—Sruns

IV. Body and Tail and Canards (controls deflected, no roll rate)

A. Test Conditions are the same as the early ED plan except Mach
No. are the same as Ill (5).

B. Number of Runs
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3.

4.

pitch deflection only: 100
yaw deflection only: 100
pitch and yaw: 360
Total !—3;

V. Body and Tail and Canards (controls deflected, rolling)

VI.

A. Test Conditions are the same as V.

B. Number of Runs (same as early ED).
1.
2.
3.

4.

pitch deflection only: 40
yaw deflection only: 40
pitch and yaw: 90
Total _ITO

Dynamic Testing

A. Test Conditions

1.

Mach No.:

a. Body: Sameas | (11)

b. Body and Tail: Sameas! (11)

c. Body and Tail and Canards:
Angles of attack: 0° (1)

Roll Angles: 0°, 22.5°, 45° (3)

. Yaw Angles: (°

Roll Rates: (°

Control Deflections: All 0

282
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Vi. A. 8. Configurations: Body, Body and Tail, Body and Tail and

Canards (3)
B. Number of Runs
TOTAL: 81

Vil. Total Number of Runs

A. L 77
B. I 125
C. 55
D. Iv: 560
E. V: 170
F. V& 81

— —

G. Total 1149
VIIl. Costand Time
A. Model(s): $50,000 (full-scale)
+$20, 000 if two tunnels are used.
B. Tunnel Times (alternatives)

1. Ames Unitary Tunnels: 575 hours

2. CALSPAN 8'x 8' and Ames 9'x 7': 118 + 32 = 150 hours

3. CALSPAN 8'x 8' and AEDC 4T: 118 + 16 = 134 hours

C. Tunne! Costs

1. Ames Unitary Tunnels: 0

2. CALSPAN 8' x B8' and Ames 9' x 7': $177K + 0 = $177K
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3. CALSPAN 8' x 8' and AEDC 4T: $177K + $12K = $189K
D. Total Costs (mode! & tunnel time)

1. Ames Unitary Tunnels: $50K

2. CALSPAN 8' x 8'and Ames 9' x 7': $247K

3. CALSPAN 8' x 8' and AEDC 4T: $259K
E. Estimated Priority Required to Obtain Tests on Time

1. High priority at national level.

2. Available immediately and high national priority.

3. Available immediately and medium priority at DOD level.
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APPENDIX D

CANNON-LAUNCHED GUIDED PROJECTILES RECOMMENDED
WIND-TUNNEL TEST PROGRAMS

Fixed-wing tail-controlled design
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Ll

Early ED Wind Turinel Test for Design Purposes

Test Outline

Body and Tail (controls undeflected, rolling and non-rolling)

A . Test Conditions (number in parentheses is number of values of
that variable)

1.

Mach No. 0.4, 0.8, 0.9, 0.95, 1.0, 1.1, 1.25, 1.50, 2.0 (9)

Angles of Attack: +6°, +4°, +2°,

+~|O, +0-5: 00' —0-501 _101 _uol

-6°, -8°, -10° -12°, -14°, -16°, ~-18°, -20° (18).

Yaw Angles: 0° (1).

Roll Angles: 0° 22.5°, 45° 67.5° 90° (5) except as noted.

Roll Rates: pd/2V =0, 0.015, 0.030 (3).

B. Number of Runs.

1.

4.

Mach = 0.8, Roll Angles = 0°, 90°, 180°, 2/0°: 4 {asymmeiry

Non-rolling:
contingency runs:

Rolling
contingency runs:

Total

check)

us
22

C. Revise design as required, correct model asymmetries.

Body and Tail and Wing (controls undeflected, non-rolling)

A. Test conditions (except as noted) .
1.

2.

Mach No. 0.8, 0.9, 0.95, 1.0 (&)

Same as |
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3. Yaw Anagles: @ (1)
4. Roll Angles: ¢, 22.5%, 45° 67.5°, 90° (5)
B. Number of Runs (one run is onc angle of attack sweep) .

1. Mach = 0.8, Roll Angles = 0°, $0°, 180°, 270% & (asymmetry

check)
2. Il.A.1.-5: 20
contingency runs 13
3. Total ;;-

C. Revise design as required (correct model asymmetries).
Ill. Body and Tail and Wing (controis deflected, ne rolling).
A Test Conditions
1. Mach No.: Same as i {4).
2. Angles of Attack: Same as |.
3. Yaw Angles: (° (1).
4. Roll Angles: A: 0%, 22.5° 45° 67.5%°, 90° (5).
B. A plus112.5°% 135° 157.5° (8).
5. Control Deflections:
a. Roll Program A at all Mach No.

pitch: +5°, -§°, -1¢°, -B (4).

PMax

yaw: 0° (1).

roll: 0 (1).
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b. Roll Program A at all Mach No.
pitch: 0° (i),
yaw. -5°, +5°, +10°, +8, (4) .

Max
roll- (® (1).

c. Roll Program B 2t M = 0.8 and GR = 5°, Program A elsewhere.

pitch: 0° (1),
yaw: 0° (1).
rotl: -2°,2°, 5° (3).
d. Roll Program B at M = 0.8, Program A elsewhere.
Fitch: +5°, -5°, -10° (3).
Yaw: -5 +5° +10° (3}.

rotl: 0° (1).

0.8, Program A elsewhere.

1

e. Roll Program B at M
pitch:  -5°, +5° (2).
yaw: ° (1).
roll: =3°, +5° (2).

0.8, Program A elsewhere.

f. Roll Program B at M
pitch: 0° (1).
yaw: +5° -5° (2).

roll: -5°, +5° (2).

289
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q. Roll Program B at M = 0.8, Program A elsewhere.

pitch: +5°, -5° (2).

yaw: -5° +5° (2).
roll: =5° +5° (2).
E. Number of Runs.
1. pitch deflection only:

2. yaw deflection only:

3. roll differential deflection only:

4. pitch and yaw:
5. pitch and roll:
6. yaw and roii:
7. pitch, yaw, and roll:
8. Total
C. Revise design as required
IV. Grand Total of Runs:
V. Grand Test Considerations.
A. Test Methods.

1. 6-component balance.

2. Base pressure measurements will be taken at least at 4 points.

3. Model will represerit expected flight condition (either en-

graved obturator on or off).

80
80

£

798

930 fminimum)

4. Flow visualization techniques will be used.
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B. 7est Models/Facilities.

1. 0.5% blockage ratio not to be exceeded at full control deflec-
tions and zero angle of attack.

2. Test Reynolds number should be as close to flight Reynolds
number as possible; and not below 2 x 10* (based on diameter) at Mach 1.0.

3. Facilities.
a. NASA Unitary Tunnels, Ames Laboratory.

(1) High Reynolds number - can match flight on a
full-scale model.

(2) A full-scale mode! would have less than 0.5% block-
age ratio.

(3) Mach number range is 0.7 to 1.4 in 11-foot by 11~
foot and 1.5 t0 2.5 in 9-foot by 7-foot tunnel.

{4) Available at no cost.

(5) Availability of test time depends on national priority.

(High Army priority means 6 to 12 month wait.)
(6) Low number of runs per hour (=2).
b. CALSPAN 8-foot by 8-foot.

(1) Capable of exceeding a Naynolds' number of
2 x 10° throughout controlled flight Mach number regime.

(2) A full-scaie model would have less than 0.5% block-
age ratio,

(3) Mach number range is 0.1tc 1.3,
(4} Another tunnel is required for supersonic testing.

(5) Cost is $1500 per hour.
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(6) Test time available immediately.

(7) Very high number of runs per hour (*10) with
remotely controlied spin and control surfaces.

c. AEDC 4T with Supersonic Blocks.

(1) Capable of exceeding a Reynolds' iiumber of
2x10°atM=1.6and 2.0.

(Z) Blockage requirements are not limiting for supersonic
conditions.

(3) Mach numbersare i.6and 2.9.

(4) This is considered the main choice tunnel for super-
sonic testing.

(5) Cost is $720 pur hour.
(6) Availability of test time depends upon DOD'priority.

(7) High number of runs per hour (=6) with remotely
controlled spin and control surfaces.

d. AEDC 16-foot by 16-foot. .

(1) Can maintain Re = 2 x 10* (based on diameter) at
all Mach numbers up to 1.6.

(2) A full-scale model would not exceed 0.5% blockage.
(3) Cost is $1400 per hour of tunnel occupancy.
(4) Availability of test time depends upon DOD priority.

(5) High number of runs per heur (®6) with remot :ly
controlled fins and spin.

4. Models

a. Use of existing model would not allow spin contro! or
rermote control setting of fin deflections, )
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b. Use of proposed 3/4-scale model would allow remote
contro! of fins but would not atlow spin control.

c. (1) A model incorporating the features in (a) must be
built.

(2) The test time required for the transonic portion of
the final test program is probably too long at any NASA tunnel.

VI. Recommendations:

A. The NASA tunnels have been discussed because they are avail-
able at no cost. -But if a high national priority cannot be established, the
time delay in getting into these tunnels renders them useless. Therefore,
it is recommended that the CALSPAN 8-foot by 8-foot tunnel be used for
transonic testing (it is available on call) and the AEDC 4T wiih supersonic
blocks be used for supersonic testing.

B. The same order of recommendations is made for the finai aero-
dynamic data package required. Scheduling will be tighter here and the

NASA tunnels are definitelv cut.
C. In light of the Reynolds' number problem and the final configu-
ration aerodynamic testing required later in ED, it is recommended that

the early ED testing be done with a full-scale, remotely controlled spin
and contrel surfaces model .
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Minimum Wind Tunnel Test Progrem of Final Configuration:

Wind Tunnel Test Requirements.

1. Test configuration will be full-scaie, preferabiy based on actual
hardware to reduce model costs and for surface finish, and Reynolds'
number matching.

2. Test configuratior will be expected flight configuration, e.g.,
obturator either on or off as Intended. If obturator is on, it should be en-
graved.

3. All tests wil! be made with a 6-component balance plus instru-
mentation to obtain hings forces and moments on control surfaces. Base
pressure will be measured.

4. The model must be capable of remote 2nd independent control of
all control surfaces and of model spin rate.

5. These surface variations must be set within 0.002° and data on
all control variativins and the spin rate must be available continuously
during a tunnel run.

6. Base pressure measurements will be taken at least at one radius
every 90°% this radius should he half-way hetween the sting and the edge
of the base of the projectilec. The pressure taps should be in the base and
the plumbing routed inboard anc then out along the sting. External rakes
shouid not be used.

7. Data reduction will include plots of all force and moment co-
efficients as functions of all variables in test.

8. Flow visualization techniques will be employed at all times.

8. Read also the Early ED Test Plan. Give special attention to
Section V - a discussion of Model/Facility choice.

10. If full-scale controllable model was used in early ED, the model
is already available and paid for. Any testing done in early ED on same
external configuration as final design doesn't have to be done again and
their time and costs may be deducted from this plan.
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Test Outline
I. Body Alone

A. Test Conditions (number in parentheses is numper of values of
that variable)

1. MachNo.: 0.4, 0.6, 0.8, 0.9, 0.95, 1.0, 1.05, 1.1, 1.25,
1.50, 2.9 (11)

2. Angles of Attack: +6°, +4°, +2°, +1°, 0.5°, -0.5°, -1°, -2°,
-4°, -6°, -6°, -10°, -12° -14°, -16°, ~18°, -20° (18)

3. Roll Angles: 0°, 90°, 180°, 270° (4)
4. Yaw Angle: 0° (1)

B. Number of Runs (an angle of attack sweep is one run):
1. Total 44 |

C. Any model asymmetries detected shoutld be corrected and flow
asymmetries noted for data correction.

ll. Body and Tail (relling and non-roiling) .
A. Test Conditions.
1. Mach No.: Sameas ! (11)
2. Angles of Attack: Same as |.

3. Roll Angles: 0°, 22.5°, 45°, 67.5°, 90° (5)
except as noted

4, Yaw Angles: 0° (1)
5. Roll Rates: pd/2V= 0, 0.015, 0,030 (3)
6. Control Deflections: all 0, (1} 6§ R = -2°, -5° (2)

B. Number of Runs
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3. p=0,8.#0 1o

4. Total 136

C. Correct any model asymmetries detected in 1. B. 1. and note
flow asymmetries for data corrcction.

1. p=0, all =0, ¢= 0°, 180°, 270°, M = 0.8: 4 (asymmetry ,
check)

2. p#£0,alls=0 22
i
]
E
{Il. Body and Tail and Wing (no control deflection, non-ro!ling)
A. Test Conditions 4

1. Mach No.: 0.4, 0.8, 0.9, 0.95, 1.0 {5)

2. Angles of Attack: Same as |

3. Roll Angles: °, 22.9°, 45°, §67.5%, 509, 112.5°%, 1359, 157.5° (8)
4. Yaw Angles: ¢° (1)
5. Roli Rates: 0 (1)
6. Control Deflections: Same as Il (1)
B. Number of Runs: ]
1. p=0, all §=0: 40 ' ;

2. Total 40
IV. Body and Taii and Wing (controls deflect:d, no roll rate)

A. Test Conditions are the same as the early ED plan except Mat=h i
No. same as Il (5) :

B. Number of Runs:
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8.

pitch deflection only:

yaw deflection only:

roll differentiat deflection only:
pitch and yaw deflections:

yaw and roll deflections:

yaw and roll deflections:

pitch, yaw, and roll deflecticns:

Total

V. Dynamic Testing

A. Test Conditions

1.

Mach No.:
a. Body: Sameas! (11)

b. Body and Tail: Sameas! (11)

100

100

78

252

112

112

224

714

c. Body and Tail and Wing: Same as Ili (5)

Rol! Angles: (°, 22.5°, 45° (3)
Yaw Angies: 0 (1)
Roil Rates: 0 (1)

Control Deflections: A110

Configurations: Body, Body and Taii, Body and Tail and

Wing (3)

B. Number of Runs

1.

Total 81
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VI.

VI,

A.

B.

F

A.

Grand Tota! of Runs Required

l 44

" 136
il 40
v 978
A 81
Total 12_7.;

Cost and Time

Model (s): $50,000 (full-scale)
+$20, 000 if two tunnels are used.

Tunnal Times falternatives):
1. Ames Unitary Tunnels: 656 hours
2. CALSPAN 8' x 8' and Ames 9'x 7' : 132 430 = 162 hours

3. CALSPAN 8' x 8' and AEDC &4T: 132 +16 = 148 hours

Tunnel Costs

1. Ames Unitary Tunnels: 0

2. CALSPAN 8' x 8'and Ames 9'x 7' : $798K +0 = $198K
3. CALSPAN 8' x 8' and ALDC 4T: $198K + $12K = $210K
Total Costs (model and tunnel time)

1. Ames Unitary tunnels: $50K

2. CALSPAN 8' x 3' and Ames 9' x 7' : $268K

3. CALSPAN 8' x 8' and AEDC 4T: $280K
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E. Estimated Priority Required to Obtain Tests on Time
1. High priority at national tevel
2. Available immediately and high national priority

3. Available immediately and medium priority at DOD level
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